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Available online 6 February 2016Background: Protein structural alignment is one of the most fundamental and crucial areas of research in the
domain of computational structural biology. Comparison of a protein structure with known structures helps to
classify it as a new or belonging to a known group of proteins. This, in turn, is useful to determine the function
of protein, its evolutionary relationship with other protein molecules and grasping principles underlying
protein architecture and folding.
Results: A large number of protein structure alignment methods are available. Each protein structure alignment
tool has its own strengths andweaknesses that need to be highlighted.We compared and presented results of six
most popular and publically available servers for protein structure comparison. These web-based servers were
compared with the respect to functionality (features provided by these servers) and accuracy (how well the
structural comparison is performed). The CATH was used as a reference. The results showed that overall CE
was top performer. DALI and PhyreStorm showed similar results whereas PDBeFold showed the lowest
performance. In case of few secondary structural elements, CE, DALI and PhyreStorm gave 100% success rate.
Conclusion: Overall none of the structural alignment servers showed 100% success rate. Studies of overall
performance, effect of mainly alpha and effect of mainly beta showed consistent performance. CE, DALI, FatCat
and PhyreStorm showed more than 90% success rate.
© 2016 Pontiﬁcia Universidad Católica de Valparaíso. Production and hosting by Elsevier B.V. All rights reserved.Keywords:
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Protein structural alignment is one of the most fundamental and
crucial areas of research in the domain of computational structural
biology [1,2]. The true history of structural alignment begins from
1960 when Perutz et al. [3] used the approach of structural alignment
and described that structures of myoglobin and hemoglobin are
similar in spite of the fact that their sequences differ. Since then,
structural biologists are more interested in structural similarity to
detect the unknown function of a protein. Structural similarity is
conserved more than sequence similarity; therefore, it can be used to
trace the evolutionary history [1]. Systematic structural alignment
started when Rossmann et al. [4,5,6] analyzed heme binding proteins
and dehydrogenases.idad Católica de Valparaíso.
araíso. Production and hosting by ElStructural alignment is conducted among the known protein
structures. It is based on the Euclidean distance between the residues
being compared. The approaches of structural alignment are helpful in
organizing and classifying known structures [7,8] and provide gold
standard for sequence alignment [9,10]. A large number of protein
structure alignment methods have been developed such as those
described by Taylor and Orengo [11], Subbiah et al. [12] Holm and
Sander [13], Holm and Park [14], Kleywegt [15], Shindyalov and
Bourne [16], Kedem et al. [17], Yang and Honig [18] and Krissinel and
Henrick [19].
Several comparative studies have been performed to evaluate
functionality and performance of structural alignment methods. Most
of these evaluation studies used CATH [7] or SCOP [20] repositories as
gold standard. Sierk and Pearson [21] investigated receiver operating
characteristic (ROC) curves to study the performance of various
structural alignment tools to detect domains of the same topology.
They used CATH as gold standard. Novotny et al. [22] evaluated
functionality and performance of several structural alignment servers.
They used CATH as the reference database and queried local databasesevier B.V. All rights reserved.
Table 2
Functionality features of the SASs used for comparison.
1. User friendliness
1. How much it is easy to understand/use the interface provided by SASs?
2. Ways for provision of results (online vs. email notiﬁcation/download and
visualization of results)
3. Online help/tutorials to use the server
4. Elapsed time between request submission and result presentation
5. Number of days to keep results on the server
6. Provision of links to other tools/services
2. Presentation of results
1. Provision of pairwise/multiple comparison
2. Is 3D alignment of protein structures provided
3. Connecting results to other services
4. Provision of statistical signiﬁcance of the results
5. Provision of pre-calculated results
6. Retrieval of results of a previous search
3. Performance/maintenance issues
1. Whether SASs provide an option to a user to optimize results?
2. Whether the server provides an option to select database?
3. Updating frequency of databases
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used SCOP as the reference repository and deployed a server that
assessed structural alignment programs through comparison of their
ROC curves. Authors of structural alignment methods also evaluated
the methods as part of their article such as Shindyalov and Bourne [8]
evaluated CE to DALI, Gerstein and Levitt [2] compared Structural
Alignments using SCOP, Shapiro and Brutlag [24] investigated
FoldMiner, VAST and CE through the comparison of ROC curves.
This article presents comparative study of six structural alignment
servers (SASs) as listed in Table 1. The comparison was performed
using two steps. In the ﬁrst step functionality of the SASs was
evaluated and in the second step accuracy/performance of the SASs
was evaluated. User friendliness of the interfaces and approach
for presenting the results were the main functionality features
compared for all SASs. To evaluate performance of SASs, several protein
structures from each class of CATH were randomly selected for
reporting the accuracy of each SAS.
2. Material and methods
For all the ﬁve SASs, web-based interfaces were used. The beneﬁts
of this strategy were to ensure the use of latest versions of the tools
and databases with the best parameter settings according to each
software's authors.
2.1. Functionality evaluation
Functionality of the SASs was investigated using user friendliness of
the interfaces, presentation of results and performance/maintenance
issues etc. Detail of the complete parameters used in functionality
evaluation is provided in Table 2.
2.2. Performance evaluation
Identiﬁcation of true positives is one of the popular approaches to
investigate performance of the SASs. A true positive is the one that has
similar structural composition (Class, Architecture, and Topology)
to that of query structure. There are several protein structure
classiﬁcation systems, which can be used as standard-of-truth like
FSSP25,26, SCOP2 and CATH7. In this study, CATHv4.0 was used as a
benchmark. The CATH adopts both automatic and manual procedures.
CATH classiﬁes protein structures downloaded from Protein
Data Bank (PDB) into four major levels of similarity, namely, Class,
Architecture, Topology and Homologous superfamily7. Class is the
repository of structures whose secondary structure is similar
(mainly α). The level of Architecture describes orientation of
Secondary Structure Elements (SSEs). Topology is also called the
fold family. At this level, structures are grouped based on both the
overall shape and connectivity of SSEs. Homologous superfamily
describes the structures that share a common ancestor and,
therefore, have the similar structure and function. In this study,
target protein structure is called as true positive if it has the
structure (same class/architecture/topology) similar to the query
protein structure.Table 1
Protein structure alignment tools tested.
Program URL
CE [16] http://cl.sdsc.edu/jfatcatserver/
PhyreStorm [25] http://www.sbg.bio.ic.ac.uk/phyrestorm
DALI [26] http://ekhidna.biocenter.helsinki.ﬁ/dali_
FatCat [27] http://fatcat.burnham.org/fatcat/
VAST [28] http://www.ncbi.nlm.nih.gov/Structure/
PDBeFold [29] http://www.ebi.ac.uk/msd-srv/ssm/2.3. Test cases
A number of datasets were used to investigate the performance of
SASs. Overall performance was measured by selecting structures from
each of the four levels of CATH as given in Table 3.3. Results
3.1. Functionality assessment
Although functionality evaluation was not as critical as performance
investigation, however, knowledge of howeasy are the interfaces to use,
their features, options and howwell documented/organized online help
is available, can be useful in making decision which server to use.
Table 4 displays the result of this part of the work. The symbol of ‘+’
indicates high/good whereas ‘-’ shows low/bad.3.2. Performance evaluation
3.2.1. SAS evaluation: overall performance
Overall performance of each SASwas evaluated by counting number
of true positives for all protein structures selected from each structural
class (mainly-α, mainly-β, mixed α,-β and few SSEs) of CATH as
elaborated in Table 3. CE, DALI, FatCat, VAST PDBeFold and
PhyreStorm identiﬁed 432, 427, 414, 406. 281 and 427 true positives
respectively whereas total entries in PDB (for all classes) were 456.
Overall success rate of each SAS was computed as the percentage of
the true positives identiﬁed (in all four classes) by an SAS. For
example, overall success rate of CE 5is (432/456 ∗ 100) = 95%. It was
observed that none of the SASs gave 100% success rate, however, CE
and DALI and PhyreStorm outperformed other SASs as shown in Fig. 1.
PDBeFold showed the poor performance.Database used
PDB
/ PDB
server/start Default (PDB)
PDB (90% non redundant set)
VAST/vastsearch.html PDB
PDB
Table 3
Test cases to test performance of SASs.
Class CAT No. of homologous PDB entries Name
Mainly-α 1.10.60 3 2DTR, 1BI2, 1DDN,1DPR, 1GY3, 1FWZ Diphtheria Toxin Repressor; domain 2
Mainly-α 1.10.357 2 2TRT, 1A6I, 1ORK, 1QPI, 2VPR, 2VKE, 2XB5 Tetracycline Repressor; domain 2
Mainly-α 1.20.890 3 1RGS, 1NE4, 1NE6, 3IM4 cAMP-dependent Protein Kinase, Chain A
Mainly-β 2.80.10 1 1POS, 1PCP, 1E9T, 4I4S Trefoil (Acidic Fibroblast Growth Factor, subunit A)
Mainly-β 2.50.10 1 4BCL, 2K37, 3ENI, 3VDI, 4TQ4, 4TQ6 Bacteriochlorophyll-a Protein
Mainly-β 2.115.10 2 1TL2, 3KIF, 3KIH Tachylectin-2; Chain A
Mixed α–β 3.15.10 1 1BP1, 1EWF Bactericidal permeability-increasing protein; domain 1
Mixed α–β 3.75.10 2 1JDW, 4JDW, 1JDX, 2JDX, 5JDW, 6JDW, 7JDW, 9JDW L-Arginine/glycine Amidinotransferase; Chain A
Mixed α–β 3.80.30 2 1CM5, 1QHM, 1H16, 1MZO, 2F3O, 3CB8 Pyruvate-formate lyase-activating enzyme
Few SSEs 4.10.8 2 1LUC, 1LCI, 1BSL, 2D1Q, 2D1S, 2PSH, 3IEP Luciferase; domain 5
Few SSEs 4.10.95 1 1OCC, 2CUA, 1OCZ, 1EHK, 1M56 Cytochrome C Oxidase; Chain G
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Seventeen protein structures from the class of mainly alpha were
selected from CATH. These structures were investigated by counting
their true positives obtained by each SAS. CE, DALI, FatCat, VAST,
PDBeFold and PhyreStorm identiﬁed 240, 235, 232, 224, 155 and 235
true positives respectively whereas total entries with classiﬁcation
structure similar to query protein structures in PDB were 259.
The results were consistent to the results acquired by the overall
investigation study of protein structures. CE was on the top. DALI,
FatCat and PhyreStorm were on the second and third positions
respectively (Fig. 2). PDBeFold showed the least accuracy (Fig. 2).
3.2.3. SAS evaluation: effect of mainly-β
Performance of SASs was also evaluated using protein structures
of the class of mainly beta. For this purpose, thirteen protein
structures of this class from CATH were selected. CE, DALI, FatCat,
VAST, PDBeFold and PhyreStorm identiﬁed 41, 40, 40, 39, 31 and 40
true positives respectively whereas total entries with the same
classiﬁcation structure in PDB were 44. All the ﬁve SASs showed
some variation in case of this dataset. First of all, in contrast to the
studies of overall performance and effect of mainly alpha all SASs
gave good performance. Secondly, their performance was very
close to each other. Results showed that CE was consistently on the
top whereas DALI, FatCat and PhyreStorm showed the same
performance. PDBeFold gave the lowest performance (Fig. 2).
3.2.4. SAS evaluation: effect of mixed alpha–beta
Effect of protein structures of the class of Alpha–Beta (mixed) on
the performance of the selected SASs was evaluated using sixteen
structures from CATH. True positives identiﬁed by each SAS wereTable 4
Results of the functionality assessment of SASs (numbers in the ﬁrst column represent the par
CE DALI
User friendliness
1 (Level of understandability) + +
2 (Provision of results) Online Email/Online
3 (Online help) + +
4 (Time taken for provision of results) Not mentioned Not mentioned
5 (No. of d to keep results on server) Nil 2 w
6 (Links to other resources) Yes Yes
Presentation of results
1 (Provision of pairwise/multiple comparison) Yes Yes
2 (3D alignment of protein structures) Yes Yes
3 (Connecting results to other services) Yes Yes
4 (Statistical signiﬁcance) No Yes
5 (Provision of pre-calculated results) Yes Yes
6 (Retrieval of results of previous search) Yes Yes
Performance/maintenance issues
1 (SASs result optimization provision) Yes No
2 (Option to select database) No No
3 (Frequency of updating databases) Weekly Weeklycounted for this purpose. CE, DALI, FatCat, VAST and PDBeFold and
PhyreStorm identiﬁed 25, 27, 23, 24, 21 and 27 true positives
respectively whereas total entries with classiﬁcation structure similar
to query protein structures in PDB were 29. In contrast to other
studies, CE, DALI and PhyreStorm showed different results. DALI and
PhyreStorm outperformed (with success rate of 92%) other SASs and
CE (88% success rate) was now on the second position. PDBeFold with
72% success rate showed the lowest performance (Fig. 2).
3.2.5. SAS evaluation: effect of few SSEs
To investigate the effect of few SSEs, twelve protein structures
from the class of few SSEs were selected. Obtained true positives by
CE, DALI, FatCat, VAST, PDBeFold and PhyreStorm were 125, 125,
119, 119, 75 and 125 respectively whereas total entries with
same classiﬁcation pattern in PDB 125 were respectively. Results
showed that CE, DALI and PhyreStorm outperformed all other
methods and gave 100% success rate. FatCat and VAST gave 95%
success rate and were on the second position. PDBeFold showed
lowest performance by giving 60% success rate only. (Fig. 2).
4. Discussion
This study was designed to measure functionality and performance
of ﬁve most popular structure alignment servers. To investigate
functionality of these servers, a list of parameters was designed. These
parameters measured the functionality of the ﬁve servers through
three major perspectives i.e. how much the servers are user friendly,
what are the approaches to present results and what features are
provided to the users by the servers to resolve performance issues.
The results showed that all severs were user friendly, howeverameter number in Table 2).
FatCat VAST PDBeFold PhyreStorm
+ - + +
Email/Online Online Online/download Download
+ + + +
Not mentioned Not mentioned Not mentioned Less than 60 s
Nil 1 w 4 h Unlimited
Yes Yes Yes Yes
Yes Yes Yes Yes
Yes Yes Yes Yes
Yes Yes Yes Yes
Yes No Yes Yes
Yes Yes Yes Yes
Yes Yes Yes Yes
No No Yes Yes
Yes No Yes No
Weekly Weekly Weekly Weekly
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Fig. 1. Overall performance of SASs. CE was on the top of the tested SASs.
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presenting results.
To evaluate performance of the SASs, CATH was used as the
benchmark dataset. Results of the study of investigating overall
performance of all SASs were similar to the results presented by the
study performed by Novotny et al [22]. The results showed that CE
and DALI were on top of the tested servers. Kolodny et al. [1] also
showed that CE performed better than DALI. PDBeFold showed the
least performance. However, none of the structure alignment servers
showed 100% success rate. According to the overall performance
investigation, the SASs can be divided into three classes: CE, DALI,
FatCat and PhyreStorm showed more than 90% success rate, VAST
gave more than 80% and PDBeFold showed less than 80% success rate.
Results of the effect of mainly-α on the performance of the SASs were
similar to the results obtained by the study of overall investigation of
the SASs. The results showed that none of the SASs was 100% perfect.
CE, DALI, FatCat and PhyreStorm gave more than 90% success rate
while PDBeFold showed less than 80% success rate. Study of effect of
main-β showed better performance of all SASs. All SASs showed
higher success rates. PDBeFold was consistently on the bottom of list
of the SASs. Performance of other four SASs was very close to each
other, CE being on the top, DALI, FatCat and PhyreStorm on the second
positions. Investigation of the effect of mixed alpha–beta showed
different performance in contrast to the other studies. CE lost its ﬁrst
position which was captured by DALI and PhyreStorm. VAST was on
the second position. CE and VAST gave more than 80% success rate.
FatCat and PDBeFold gave less than 80% success rate. Evaluation of the
effect of few SSEs showed much better performance of almost all SASs.
CE, DALI and PhyreStorm gave 100% success rate. FatCat and VAST0
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Fig. 2. Performance of SASs with respect to mainly-α, mainly-β, mixedα–β and few SSEs.gave more than 90% success rate however PDBeFold showed very low
performance. Performance of PhyreStorm was similar to DALI. The
same was also claimed by authors of PhyreStorm [25].
5. Conclusion
The study was aimed at the evaluation of functionality and
performance of six most often used protein structure alignment
servers. Functionality of all protein structure alignment servers was
investigated using various parameters. Results showed that DALI,
FatCat, PDBeFold and PhyreStorm showed results in more attractive
and user friendly way. DALI keeps results for 2 weeks, VAST for one
week and PDBeFold only for 4 h. CE and PDBeFold allow a user
to optimize results. FatCat and PDBeFold provide the feature to
change database. Performance of all SASs was investigated through
ﬁve different ways. Overall none of the SASs showed 100% success
rate. Studies of overall performance, effect of mainly alpha and
effect of mainly beta showed consistent performance. CE, DALI,
FatCat and PhyreStorm showed more than 90% success rate. VAST
gave more than 80% while PDBeFold showed less than 80% success
rate. In case of mixed alpha–beta study, CE lost the ﬁrst position.
DALI and PhyreStorm gave the highest performance. Study of effect
of few SSEs showed 100% success rate for CE, DALI and PhyreStorm
while FatCat and VAST showed similar performance.
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